physical understanding of many complex phenomena which cannot be fully explained experimentally.
Introduction
Bubble-electrospinning is a multi-phase and multi-physics process involving fluid dynamics, electrohydrodynamics, mass and heat diffusion, and transfer, etc. During the bubble-electrospinning process, an electric field presented induces charged into the polymer bubble surface, and quickly relax to the bubble surface. The coupling of surface charge and the external electric field creates a tangential stress, resulting in the deformation of the bubble. Once the electric field exceeds the critical value needed to overcome the surface tension, the bubble is broken, and the ruptured bubble is pulled upwards to form a charged jet, which is then received on the metal receiver as nanofibers [1] [2] [3] , fig. 1 .
Many experimental and theoretical studies have been conducted to understand the bubble-electrospinning process and some simplified theoretical models have been presented for research mechanical mechanism of the process [1] [2] [3] [4] [5] . He [1] modeled surface tension of bubble and bubble hierarchical rupture. He, et al. [3] established the allometric relationship between jet and bubble [4] . Dong, et al. [4] and Wilson et al. [5] analyzed the potential distribution around the bubble. However, almost all objects of these studies are single-phase flow, and cannot offer in-depth insight into physical understanding of many complex phenomena which can not be fully explained experimentally.
-------------- This paper numerically studies the two-phase flow in the single-bubble electrospinning process by applying computational fluid dynamics (CFD) techniques to gain significant insight and a better understanding of the process, fig. 1 . The two-phase flow can be calculated by solving the modified Navier-Stokes equations under the influence of electric field and the interface between the two fluids has been determined by using the volume of fluids method. The CFD simulation results show the effects of various single-bubble electrospinning parameters, such as voltage and flow rate, on quality of product, and can be used to optimize and control the electrospinning parameters.
Model
The dynamics of air and polymer solution in the single-bubble electrospinning process are modeled by CFD techniques. To simulate the mechanism of such two-phase flow, numerical CFD sub-model development can be categorized into three main components, magnetohydrodynamics (MHD) model [6] , turbulent model [7] , and volume of fluid (VOF) model [8, 9] .
The MHD Model
Electromagnetic fields are described by Maxwell's equations [6] :
where q e is the electric charge, E -the electric field, J -the current, B -the magnetic induction, H -the magnetic field, D -the atomic displacement vector, and c -the velocity of light in a vacuum (c = 2.998925 ± 0.00006·10 8 m per second). In this paper, the approach for the current density is to solve the electric potential equation and calculate the current density using Ohms law. With the knowledge of the induced electric current, the MHD coupling is achieved by introducing additional source terms to the fluid momentum equation and energy equation.
Turbulent model
The k-ε turbulent model is applied to deal with turbulent flows in strong electric fields. The Reynolds time-mean equations for continuity and momentum are of the same form as governing equations if transient quantities are replaced by time-mean quantities. But the stress tensor in turbulence includes an extra contribution from eddy viscosity besides the part due to molecular viscosity [7] . where C µ is a constant (with a typical value 0.09), k -the turbulent kinetic energy, and ε -the rate of dissipation of turbulent kinetic energy. They can be determined by solving transport equations.
The VOF model
The VOF model [8] , which attempts to track the interface based on the mass conservation, has been widely adopted. In the VOF model, the sum of the volume fractions of all fluids inside any cell of the jet equals to one as described in eq. (4) where α q is the volume fraction of the q th fluid inside a control volume:
If the volume fraction of the q th fluid in a cell is denoted as α q , the following scenarios are possible. When the cell is empty, with no traced fluid inside, the value of α q is zero; when the cell is full, α q = 1; and when the interphasal interface cuts the cell, then 0 < α q < 1. The volume fraction α q is a discontinuous function, its value jumps from 0 to 1 when the argument moves into interior of traced phase. This paper uses the VOF model to track the jet surface.
The interface(s) between the phases is tracked by the solution of the continuity equation for the volume fraction of one or more phases. The volume fraction equation of the q th fluid can be written as eq. (5) where ρ q is the density of the q th fluid. The v a and α q are the velocity vector and volume fraction of the q th fluid, and p = 1, 2,…, n is the suffix of the fluids in the multiphase flow. The ( ) pq qp m m is the mass transfer from phase q(p) to phase p(q). Equation (5) describes the volume transfer of the q th fluid in space and time domains of a control volume:
In this study, the VOF model is used to track the jet surface. The model makes use of the two-fluid Eulerian model for a two-phase incompressible flow, where phase fraction equations are solved separately for each individual phase; hence, the equations for the phase fractions can be expressed as [10] :
where u u u r l a = − is the vector of relative velocity, l and a are densities of liquid and air, respectively.
The material property of the control volume is approximated by the material properties of the fluids weighted averaged by their volume fractions as shown in eq. (7) where ξ q and ξ are the material property of the q th fluid and the representative material property of the control volume, respectively: 
Similar to the material property, the velocity field is also shared among the fluids within the control volume. It is solved by a single momentum equation as shown in eq. (8) where p is the pressure and g is the gravitational force. It describes that the change of momentum in space and time domains equals to the sum of the forces including the differential pressure, shear stress and gravitational force acting on the control volume.
Numerical simulation method
According to the two-phase flow model presented, a standard finite-different interpolation schemes and the explicit approach are used to the volume fraction equation. The face values of the volume fraction are interpolated by using geometric reconstruction scheme. A standard k-ε model is used to model the turbulent viscosity. The two-phase flow in the singlebubble electrospinning process will be modeled by CFD. Figure 2 shows the flow domain used in the 3-D simulation for a reference case, a circular cylinder with diameter D = 100 mm and height h = 150 mm. In this case, the nozzle-to-collection distance is 150 mm, and the applied voltage is 15 kV. The air bubble nozzle's internal diameter is 10 mm. The diameter of single bubble is 10 mm, and the diameter of the initial jet produced is 2 mm. For the investigated 10 wt.% poly(lactic acid) solution the simulations shown were performed for the following process parameters: surface tension γ = 0.07 N/m, dynamic viscosity µ = 180 mPa·s, mass density ρ = 1000 kg/m 3 , and initial jet velocity v = 10 m/s [9] [10] .
Computational domain

Boundary conditions
There are three boundaries, as shown in fig. 2 . Each boundary was set as follows: flow inlet, free surface, and no-slip boundary condition: -flow inlet: v in = 10 m/s, -free surface: zero normal gradient ∂ø/∂n = 0 for all variables, and -no-slip boundary: zero velocity relative to the wall (v wall = 0).
Results
The motion of the jet can be traced by the streamline plots in fig. 3 . Figure 4 shows the experimental data. It can be seen that the numerical simulation results correspond well to the experimental data.
In this numerical simulation, we only simply simulated the single-bubble electrospinning instability process using CFD. In future, we will take into account the deformation of bubble and multi-bubbles, which play pivotal roles in determining the nanofiber yield. 
Conclusion
This paper deals with studying numerically the two-phase flow in the bubble-electrospinning process by applying CFD techniques for gaining significant insight into understanding of its mechanical mechanism. The calculation results are reasonable and reliable. That means the CFD method is a powerful approach to research mechanical mechanism of the bubble-electrospinning process and it is very important for the development of bubble-electrospinning.
